Cement-stabilized macadam is commonly used in pavement base courses. The disadvantage of this material is that it easily cracks because construction vehicles cause irreversible fatigue damage to the pavement. Fatigue damage is caused by an insufficient number of maintenance days and overloading by construction vehicles. In order to analyze the influence of the number of maintenance days and overloading by construction vehicles, Miner theory and ABAQUS software were used, and an unconfined compressive strength test, an indirect tensile strength test, a bending tensile strength test, and a fatigue test were carried out simultaneously. The relationship between compressive strength and the splitting strength of water-stabilized macadam as well as compactness, water content, and temperature at different ages were determined. Fitting shows that the bottom tensile stress of the most disadvantageous layer increased with increasing subbase modulus, and its reduction rate increased slowly with the increasing of cement-stabilized macadam subbase thickness. The fatigue prediction equation for cement-stabilized macadam was obtained using bending tensile strength and fatigue tests. Subbase fatigue damage caused by different construction loads under different working conditions was calculated using Miner theory according to actual engineering data. Therefore, the number of pavement maintenance days should be increased. For harsh natural environments and strict time constraints, the design should increase the strength and thickness of the subbase material. When laying the base, overloaded vehicles should be limited, and the construction period of the loaded vehicles should be reduced to minimize road damage.
Introduction
The vehicle load-bearing system on road surfaces is the complete pavement structure. During construction, vehicle loads can only be borne by completed sections of pavement. In practical engineering, a cement-stabilized base is constructed after 7-14 days of curing. At this time, the strength of the base has not reached the designed value, and there may be a serious overload phenomenon from transport vehicles during road construction, which can easily produce microcracks in the base and affect the life of the road [1] . Loading the cement-stabilized base during road construction plays an important role in determining the durability of the cement-stabilized base.
At present, the composite pavement structure of asphalt pavement and semirigid base is used in many countries around the world [2] [3] [4] . Numerous previous works focused on how to reduce and control semirigid cracks [5] . Some scholars have reduced cracks by improving the performance of base materials. For example, a British scholar suggested that the main aggregate of the mixture was 40-80 mm coarse gravel, and the caulking material was continuously graded [6] . Lim Seungwook [7] proposed a prediction equation for compressive strength and a resilient modulus with an increasing number of curing days. Fan [8] thought temperature had a significant influence on the strength
Strength Variation of Cement-Stabilized Base Courses
The base strength of pavement has a direct impact on the life of the road. Due to the interference of external factors, the actual strength of the base is commonly lower than the design strength. This phenomenon is called the base strength variability. The strength of cement-stabilized macadam base mainly comes from the mechanical strength and hydration strength. Mechanical strength is related to the gradation and compactness of the granular materials, and the mechanical strength is higher if the granular materials are more abundant and compacted. Hydration strength is related to moisture content, and the hydration reaction needs sufficient moisture to proceed smoothly. In addition, temperature directly affects the cement hydration reaction. At the same age, the higher the temperature, the higher the cement-stabilized mixture strength. When temperature is very low, the hydration of cement will stop. Therefore, through unconfined compressive testing and indirect tensile strength testing, this paper examines the variation law for base strength difference under varying degrees of compaction, water content, and temperature, and also examines the correlation between influencing factors and strength difference by using grey relational degree theory.
Testing Procedure

Compactness Test Procedure
In order to study the effect of compaction degree on the base course strength, four specimens were created using the static pressing method. The compaction degree of the four specimens was Appl. Sci. 2018, 8, 2263 3 of 20 96%, 98%, 100%, and 102%. Specimens were cured for 7 days and 28 days under standard curing conditions. Next, specimens were divided into eight groups for testing. In order to reduce test error, each trial was repeated 6 times. Specimens were immersed in water for 24 h the day before testing, then unconfined compressive strength and indirect tensile strength tests were carried out according to "Quality Inspection and Evaluation Standards for Highway Engineering" [25] .
Water Content Test Procedure
The optimum moisture content of cement-stabilized macadam was 6.9% from laboratory tests. Therefore, four kinds of samples with different moisture content were created and tested. The moisture content of the four samples was 4.9%, 5.9%, 6.9%, and 7.9%. We added 0.5% water to counteract the moisture loss from mixing, manufacturing, and molding. Specimens were cured for 7 days and 28 days under standard curing conditions. Then specimens were divided into eight groups for testing. In order to reduce test error, each trial was repeated 6 times. Specimens were immersed in water for 24 h the day before testing, then unconfined compressive strength tests were carried out according to "Quality Inspection and Evaluation Standards for Highway Engineering".
Temperature Test Procedure
In order to study the effect of temperature on base course strength, five kinds of water-stable mixtures were designed. Curing temperatures of 10 • C, 15 • C, 20 • C, 25 • C, and 30 • C, as well as a humidity of 95%, were used. Mixtures were cured for 7 days and 28 days under standard curing conditions, then were divided into ten groups for testing. In order to reduce test error, each trial was repeated 6 times. Specimens were immersed in water for 24 h the day before testing, and then unconfined compressive strength and indirect tensile strength tests were carried out according to "Quality Inspection and Evaluation Standards for Highway Engineering". Figure 1 shows the compressive strength of cement-stabilized macadam specimens with different compaction for different curing durations. The compressive strength of the base increased linearly with increasing compactness (Figure 1 ). When the curing time was 7 days, the compactness increased by 2% and the compressive strength increased by 0.4662 MPa on average. When the curing time was 28 days, the compactness increased by 2% and the compressive strength increased by 0.3324 MPa on average. The influence on strength was gradually reduced, and the relationship between compressive strength and compactness at different ages was linear, such as in Equations (1) and (2):
Results
Compactness
In the equation, σ s is compressive strength in MPa and K is the degree of compaction %. Figure 2 shows the splitting strength of cement-stabilized macadam specimens with different compaction after different curing times. Splitting strength linearly decreased with decreasing compactness for specimens cured for 7 days (Figure 2 ). Average splitting strength decreased by 0.0266 MPa for every 2% reduction in compactness, and the variation of splitting strength with compactness for 28 days was slightly different. Splitting strength decreased by 0.02 MPa, 0.04 MPa, and 0.07 MPa when compactness decreased from 102% to 100%, 98%, and 96%, respectively, as the decreasing rate accelerated. This phenomenon occurred because the gap in the material increased with decreasing compaction degree. The interior of the material increased in weak points, thereby reducing the cohesive force and friction between particles. This kind of defect is more and more obvious with increasing age, so the base compaction must meet the requirements of the technical specification for highway road base construction. Figure 2 shows the splitting strength of cement-stabilized macadam specimens with different compaction after different curing times. Splitting strength linearly decreased with decreasing compactness for specimens cured for 7 days (Figure 2 ). Average splitting strength decreased by 0.0266 MPa for every 2% reduction in compactness, and the variation of splitting strength with compactness for 28 days was slightly different. Splitting strength decreased by 0.02 MPa, 0.04 MPa, and 0.07 MPa when compactness decreased from 102% to 100%, 98%, and 96%, respectively, as the decreasing rate accelerated. This phenomenon occurred because the gap in the material increased with decreasing compaction degree. The interior of the material increased in weak points, thereby reducing the cohesive force and friction between particles. This kind of defect is more and more obvious with increasing age, so the base compaction must meet the requirements of the technical specification for highway road base construction. Figure 3 shows the compressive strength of cement-stabilized macadam specimens with different moisture contents after different curing times. When water content was lower than the optimum water content, compressive strength increased with increasing water content ( Figure 3 ). When water content exceeded the optimum water content, compressive strength did not increase or decrease.
Water Content
When water content was lower than the optimum water content, compressive strength decreased at an increasing rate. When water content decreased by 1%, the compressive strength decreased by 0.51 MPa and 0.83 MPa for 7 days and 28 days, respectively. When water content decreased by 2%, the compressive strength decreased by 1.45 MPa and 2.33 MPa for 7 days and 28 days, respectively. The appearance of the specimens did not differ from normal conditions. However, the inner portion of the specimens was dry and loose after testing. This is because the water content Figure 3 shows the compressive strength of cement-stabilized macadam specimens with different moisture contents after different curing times. When water content was lower than the optimum water content, compressive strength increased with increasing water content ( Figure 3 ). When water content exceeded the optimum water content, compressive strength did not increase or decrease.
When water content was lower than the optimum water content, compressive strength decreased at an increasing rate. When water content decreased by 1%, the compressive strength decreased by 0.51 MPa and 0.83 MPa for 7 days and 28 days, respectively. When water content decreased by 2%, the compressive strength decreased by 1.45 MPa and 2.33 MPa for 7 days and 28 days, respectively. The appearance of the specimens did not differ from normal conditions. However, the inner portion of the specimens was dry and loose after testing. This is because the water content of the specimens was 2.2.3. Temperature Figure 4 shows the compressive strength of cement-stabilized macadam specimens at different temperatures and after different curing times. The compressive strength of the base increased linearly with increasing temperature (Figure 4 ). When the curing time was 7 days, the compressive strength of the base increased by 0.4 MPa on average, with an increase in temperature of 5 °C. When the curing time was 28 days, the compressive strength of the base increased by 0.5 MPa on average, with an increase in temperature of 5 °C. This relationship followed a linear pattern, such as in Equations (3) and (4): 2.2.3. Temperature Figure 4 shows the compressive strength of cement-stabilized macadam specimens at different temperatures and after different curing times. The compressive strength of the base increased linearly with increasing temperature (Figure 4 ). When the curing time was 7 days, the compressive strength of the base increased by 0.4 MPa on average, with an increase in temperature of 5 • C. When the curing time was 28 days, the compressive strength of the base increased by 0.5 MPa on average, with an increase in temperature of 5 • C. This relationship followed a linear pattern, such as in Equations (3) and (4): 
28d: = 0.113 − 3.6515
In the equation, is compressive strength in MPa and T is temperature in °C.
(a) (b) (5) and (6): 7d:
= 0.0058 − 0.1657 (5) and (6): 28d: = 0.0063 − 0.4153
In the equation, is splitting strength in MPa and T is temperature in °C.
(a) (b) 
Correlation and Sensitivity Analysis of Influencing Factors on Strength Variability of Cement-Stabilized Macadam
During the actual construction process, because of differences in construction conditions and equipment, the strength of the base changes easily with depth [26] . Grey relational degree theory, as a multifactor relational degree analysis method, has a unique advantage in analyzing primary and secondary relationships between factors [27] . In order to determine the degree of influence of compaction, water content, and temperature on the base strength, grey relational degree theory was used to analyze the primary and secondary relationships of the three factors. 
During the actual construction process, because of differences in construction conditions and equipment, the strength of the base changes easily with depth [26] . Grey relational degree theory, as a multifactor relational degree analysis method, has a unique advantage in analyzing primary and secondary relationships between factors [27] . In order to determine the degree of influence of compaction, water content, and temperature on the base strength, grey relational degree theory was used to analyze the primary and secondary relationships of the three factors.
Selection of Reference Sequence and Contrast Sequence Indexes
The unconfined compressive strength of the 7 days cured specimens under different variation factors was taken as the reference sequence index for the grey relational analysis model, which was recorded as X 0 . Compactness, water content, and temperature were selected as the comparison sequence index and recorded as X 1 , X 2 , and X 3 , respectively.
Model Establishment
In the process of grey relational analysis, the relation between the reference sequence and contrast sequence should be established. That is, the grey relational analysis model should be established.
is associated with X 0 (k) according to the mapping f, where X 0 (k) is the corresponding reference sequence index and X i (k) is the contrast sequence index. The grey model was established and the grey relational analysis test (Table 1 ) was obtained when the influencing factors of base strength difference were analyzed. 
Correlation Analysis of Influencing Factors
The data in Table 1 were processed following the steps of initialization, proximity calculation, correlation coefficient calculation, and correlation degree calculation. Correlation degree calculation results were γ 1 = 0.703, γ 2 = 0.677, and γ 3 = 0.640. The correlation degree of each influencing factor was above 0.6, which indicated that the correlation between the variability of each factor and the strength variability was better. The degree of influence of each factor was compactness > water content > temperature.
Sensitivity Analysis
According to the test results, although the correlation between compactness, water content, temperature, and 7d compressive strength was better, their sensitivity was different. Therefore, the sensitivity of these three factors compared to 7d compressive strength was analyzed.
According to the mathematical definition, the function µ i,j (x) can be derived, and the first-order sensitivity is expressed as follows:
In the equation, µ i,j is the ith 7d compressive strength of the jth factor, and x j is the jth factor. The sensitivity factor of each factor is calculated according to Equation (7) ( Table 2 ). According to the above calculation results, the sensitivity of the three factors was ranked water content > compactness > temperature. Water content was more distinguishable from the 7d compressive strength, and the temperature distinguishable was the smallest. Because the water content and the compressive strength curve had an inflection point, there was an optimum water content of 6.9%. Water content sensitivity was significantly reduced when the water content was greater than 6.9%. In short, during the construction process, compaction, moisture content, and temperature directly affected the actual strength of the road base and reduced the overall performance of the base. When studying pavement fatigue damage during construction, these factors should be strictly controlled. Then the pavement structure fatigue damage caused by construction loading should be examined.
Stress Analysis of the Most Unfavorable Layer of Cement-Stabilized Base during Construction
The China Pavement Structural Design Code stipulates that the starting time of a road's service life is from the normal opening of the road, which does account for the impact of vehicle loads during road construction. The design axial load is 100 kN for the single-axle double-wheel group, but during construction, the load on the base is much higher than the design value due to the presence of construction equipment [28] . In this paper, the maximum bottom tensile stress for a combination of different structural parameters under different construction loads is analyzed, and the variation law of the mechanical index of a cement-stabilized macadam structure layer is obtained. An investigation of vehicle loading during the construction period showed that the minimum axle load is 100 kN, the maximum axle load is 235 kN, and the axle load mainly concentrates between 120 kN and 180 kN, far exceeding the standard axle load in the design code [29] . In order to analyze the influence of heavy haul trucks on early road construction, the following empirical relationship between Belgian grounding area and axle load is adopted:
Vehicle Load Analysis during Raod Construction
In the equation, A is the area of a single wheel tire in cm 2 , P is the load of a single wheel tire N, and ± 70 means the margin of guarantee reaches 90%.
The calculated ground area of vehicles under different axle loads is shown in Table 3 . In order to analyze the damage caused by different axle loads to the road surface, this paper assumes that the same axle load has the same load. According to the length and structure of the road section, the total mass of the mixture needed for paving the road section was calculated. The load of different axle loads was different, and the total mass divided by the load could get the number of vehicles for different axle loads. The calculation results are shown in Table 4 , the frequency of loading trucks. The closer to the mixing station, the more times the mixing station was subjected to the full load ( Figure 6 ). In order to analyze the damage caused by different axle loads to the road surface, this paper assumes that the same axle load has the same load. According to the length and structure of the road section, the total mass of the mixture needed for paving the road section was calculated. The load of different axle loads was different, and the total mass divided by the load could get the number of vehicles for different axle loads. The calculation results are shown in Table 4 , the frequency of loading trucks. The closer to the mixing station, the more times the mixing station was subjected to the full load ( Figure 6 ). It is necessary to convert the number of vehicle loads during construction into standard axle loads. Following regulations and research from relevant scholars [30] , this paper adopts the principle of equivalence of tensile stress for the semirigid material layer. Results are shown in Table 5 . It is necessary to convert the number of vehicle loads during construction into standard axle loads. Following regulations and research from relevant scholars [30] , this paper adopts the principle of equivalence of tensile stress for the semirigid material layer. Results are shown in Table 5 . Table 5 shows action times for 100 kN, 130 kN, 160 kN, 190 kN, 220 kN, and 250 kN axle loads on the pavement structure based on the standard axle load times. With increasing axle loads, the action times of each structure layer of pavement increased rapidly, which could easily cause damage to the pavement structure. Therefore, overload should be strictly controlled to reduce the damage to the subbase during construction.
Structure Layer Model and Parameters during the Construction Period
During construction, the stress state of the pavement varies at different stages, but the subbase always bears the construction load when laying each structural layer. Hence the subbase is the most disadvantaged layer, and the tensile stress on the subbase is greatest [31] .
Six In order to analyze the tensile stress change caused by different subbase moduli, the subbase modulus was taken as 400 MPa, 800 MPa, 1200 MPa, 1600 MPa, and 2000 MPa. In order to analyze the change in tensile stress caused by different subbase thicknesses, the subbase thickness was taken as 16 cm, 20 cm, 24 cm, 28 cm, and 32 cm. According to regulations, the subbase Poisson's ratio was 0.25, the modulus of resilience was 45 MPa, and Poisson's ratio was 0.4.
Results
Influence of Compactness on Subbase Thickness
When analyzing the maximum bottom tensile stress under different subbase thicknesses, the subbase modulus was 1600 MPa (Figure 7) . The maximum bottom tensile stress decreased with increasing base thickness, and the reduction rate was generally low. With increasing thickness, the reduction rate of tensile stress at the bottom of the layer increased slowly, and the maximum reduction rate was approximately 8.8%, showing that the change in the subbase had little effect on the tensile stress at the bottom of the layer. A suitable thickness for the subbase could be selected according to the actual construction specifications.
increasing base thickness, and the reduction rate was generally low. With increasing thickness, the reduction rate of tensile stress at the bottom of the layer increased slowly, and the maximum reduction rate was approximately 8.8%, showing that the change in the subbase had little effect on the tensile stress at the bottom of the layer. A suitable thickness for the subbase could be selected according to the actual construction specifications. 
Influence of Base Modulus
When analyzing the maximum bottom tensile stress under different subbase modulus, the thickness of the base was 24 cm. The maximum bottom tensile stress increased with increasing base modulus, and the growth rate of tensile stress under different loads was roughly the same (Figure 8 ). Relationship between bottom base thickness and maximum tensile stress at the bottom layer.
When analyzing the maximum bottom tensile stress under different subbase modulus, the thickness of the base was 24 cm. The maximum bottom tensile stress increased with increasing base modulus, and the growth rate of tensile stress under different loads was roughly the same (Figure 8 ). When the subbase modulus increased from 400 MPa to 800 MPa, the tensile stress growth rate was as high as 100%. When the subbase modulus increased from 1600 MPa to 2000 MPa, the tensile stress growth rate was 16%, showing that the lower the modulus, the greater the influence on the bottom tensile stress. With increasing modulus, the modulus influence gradually decreased.
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During the complete construction period, the construction load causes fatigue damage to the subbase. Fatigue damage caused by the construction load cannot be ignored because of the reduced strength of the base course in the early stages of road construction [33] . Based on layer stress analysis, this paper considers the subbase fatigue damage caused by construction loading under different working conditions and introduces Miner linear cumulative damage theory. The material damage cumulative can be expressed as follows:
In the equation, D is the cumulative fatigue damage rate, N i is the number of times corresponding to loads at various loads during material failure, and n i is the number of loads at various levels in practice.
Test Procedure
Common fatigue tests are the splitting fatigue test and bending fatigue test. Bending test results for beam specimens are accurate, and the test operation is simple and economical. Therefore, the three-point loading bending fatigue test was used to examine the fatigue properties of cement-stabilized macadam. The middle beam specimens were 10 cm × 10 cm × 40 cm. The cement dosage was 5.0%, and the gradation was compact. Specimens were formed using the vibrating method and were cured for 7 days, 14 days, 21 days, 28 days, and 90 days at 20 • C, the standard temperature. Specimens were immersed in water for 24 h the day before the test. After the bending tensile strength test, the following parameters were selected for fatigue testing:
(1) Loading mode: stress control (the peak value of the load remains stable until the specimen is destroyed); (2) loading waveform and frequency: 10 Hz sine wave loaded wave; (3) R-ratio: 0.6, 0.7, 0.8 (the cyclic stress ratio is 0.1); (4) curing time: 90 d.
Results
With increasing curing time, the bending tensile strength increased gradually, but the growth rate decreased gradually ( Figure 9 ). With increasing curing time, cement hydration was gradually completed, and the crystals in the mixture increased greatly, resulting in more network structure. With the gradual completion of chemical reactions, the strength of the material was determined, and its growth rate gradually decreased. In the fatigue test, the specimens cured for 90 days were used, the flexural tensile strength was 1.27 MPa, and the corresponding ultimate stress was 5.6 kN.
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Results
With increasing curing time, the bending tensile strength increased gradually, but the growth rate decreased gradually ( Figure 9 ). With increasing curing time, cement hydration was gradually completed, and the crystals in the mixture increased greatly, resulting in more network structure. With the gradual completion of chemical reactions, the strength of the material was determined, and its growth rate gradually decreased. In the fatigue test, the specimens cured for 90 days were used, the flexural tensile strength was 1.27 MPa, and the corresponding ultimate stress was 5.6 kN. The fatigue life of cement-stabilized macadam was dispersive, and hence experimental data obtained using the Weibull distribution theory were used to fit the p-N equation for different stress levels, and the logarithmic fatigue prediction equation was under a 50% guarantee rate (Figure 10 ). The fatigue life of cement-stabilized macadam was dispersive, and hence experimental data obtained using the Weibull distribution theory were used to fit the p-N equation for different stress levels, and the logarithmic fatigue prediction equation was under a 50% guarantee rate (Figure 10) .
According to the prediction equation, the logarithmic fatigue life of 50% under 0.8, 0.7, and 0.6 stress levels was 4.21, 5.16, and 5.85, respectively. The cement fatigue equation for stabilized macadam is:
log N = 10.79 − 8.17 σ f r .
In the equation, N is the number of repeated actions reached during failure, σ is the repeated bending stress of materials in MPa, and f r are the standard values of flexural tensile strength in MPa. 
Fatigue Damage of Cement-Stabilized Base under Actual Engineering Conditions
Analysis of Actual Stress in Practical Engineering
The pavement structure parameters for the actual project are shown in Table 6 . For the same curing time, the maximum bottom tensile stress increased with increasing construction load, and its growth rate decreased gradually from 0.2 to 0.08 (the growth rate decreased differently for different curing times all according to the law) (Figure 11 ). Under the same load, the maximum bottom tensile stress for different curing times gradually decreased. With the increase of load from 130 kN to 250 kN, the maximum bottom tensile stress increased from 1.2 times to 1.8 times. With the increase of curing time from 7 days to 28 days, the maximum bottom tensile stress increased from 1.18 times to 1.33 times. 
Fatigue Damage of Cement-Stabilized Base under Actual Engineering Conditions
Analysis of Actual Stress in Practical Engineering
During the actual construction process, the working conditions of cement-stabilized macadam subbase are different when different structural layers are paved during the construction period. The following working conditions model is put forward (Figure 12 ), where δ represents the equivalent circle radius.
The maximum bottom tensile stress of each pavement layer under different axle loads was calculated after 7 days of curing under different working conditions ( Figure 13 ). Working condition 1 indicates that when the subbase was maintained for 7 days, the condition of the base course construction was carried out. Working condition 2 indicates that after 7 days of subbase maintenance, 7 days of base maintenance was completed, and the condition of the construction of the lower pavement layer was carried out. Working condition 3 indicates construction of the upper layer after construction of the lower layer was finished in 7 days. Working condition 4 indicates that the road surface was formally opened to traffic after the construction of the upper layer within 7 days. 
During the actual construction process, the working conditions of cement-stabilized macadam subbase are different when different structural layers are paved during the construction period.
The following working conditions model is put forward (Figure 12 ), where δ represents the equivalent circle radius.
The maximum bottom tensile stress of each pavement layer under different axle loads was calculated after 7 days of curing under different working conditions ( Figure 13 ). Working condition 1 indicates that when the subbase was maintained for 7 days, the condition of the base course construction was carried out. Working condition 2 indicates that after 7 days of subbase maintenance, 7 days of base maintenance was completed, and the condition of the construction of the lower pavement layer was carried out. Working condition 3 indicates construction of the upper layer after construction of the lower layer was finished in 7 days. Working condition 4 indicates that the road surface was formally opened to traffic after the construction of the upper layer within 7 days. When the axle load was 100 kN, the stress ratio was less than 0.3, and when the axle load was 220 kN, the stress ratio was close to 0.5, which could easily cause irreversible fatigue damage ( Figure 13 ). In case 2, when the axle load was less than 160 kN, the stress ratio was less than 0.3, and when the maximum axle load was 250 kN, the stress ratio was 0.38. In case 3, when the axle load was less than 220 kN, the stress ratio was less than 0.3, and when the maximum axle load was 250 kN, the stress ratio was 0.32. In case 4, when the load was less than 250 kN, the stress ratio was less than 0.3, showing that stress ratio decreased gradually with increasing curing time, and damage to the pavement decreased. Condition 1 produced the worst pavement conditions. The number of repeated actions under different working conditions and loads was calculated and compared to that of the construction vehicles. Working condition 4 represents the operational period of the pavement, and hence there was no construction load. When the axle load was 100 kN, the stress ratio was less than 0.3, and when the axle load was 220 kN, the stress ratio was close to 0.5, which could easily cause irreversible fatigue damage ( Figure  13 ). In case 2, when the axle load was less than 160 kN, the stress ratio was less than 0.3, and when the maximum axle load was 250 kN, the stress ratio was 0.38. In case 3, when the axle load was less than 220 kN, the stress ratio was less than 0.3, and when the maximum axle load was 250 kN, the stress ratio was 0.32. In case 4, when the load was less than 250 kN, the stress ratio was less than 0.3, showing that stress ratio decreased gradually with increasing curing time, and damage to the pavement decreased. Condition 1 produced the worst pavement conditions. The number of repeated actions under different working conditions and loads was calculated and compared to that of the construction vehicles. Working condition 4 represents the operational period of the pavement, and hence there was no construction load. Fatigue damage easily occurred under working condition 1, and the fatigue damage caused by axle loads less than 160 kN was negligible (Figure 14) . When the axle load was 190 kN, fatigue damage was 0.11. When axle load increased to 220 kN, fatigue damage was as high as 0.74. When When the axle load was 100 kN, the stress ratio was less than 0.3, and when the axle load was 220 kN, the stress ratio was close to 0.5, which could easily cause irreversible fatigue damage ( Figure  13 ). In case 2, when the axle load was less than 160 kN, the stress ratio was less than 0.3, and when the maximum axle load was 250 kN, the stress ratio was 0.38. In case 3, when the axle load was less than 220 kN, the stress ratio was less than 0.3, and when the maximum axle load was 250 kN, the stress ratio was 0.32. In case 4, when the load was less than 250 kN, the stress ratio was less than 0.3, showing that stress ratio decreased gradually with increasing curing time, and damage to the pavement decreased. Condition 1 produced the worst pavement conditions. The number of repeated actions under different working conditions and loads was calculated and compared to that of the construction vehicles. Working condition 4 represents the operational period of the pavement, and hence there was no construction load. Fatigue damage easily occurred under working condition 1, and the fatigue damage caused by axle loads less than 160 kN was negligible (Figure 14) . When the axle load was 190 kN, fatigue damage was 0.11. When axle load increased to 220 kN, fatigue damage was as high as 0.74. When Fatigue damage easily occurred under working condition 1, and the fatigue damage caused by axle loads less than 160 kN was negligible (Figure 14) . When the axle load was 190 kN, fatigue damage was 0.11. When axle load increased to 220 kN, fatigue damage was as high as 0.74. When axle load was 250 kN, the fatigue damage in the water-stabilized macadam appeared. Using Miner linear damage
, N could be obtained by combining Figure 13 with Equation (10): The look-up Table 5 gives n, and i indicates different working conditions. The fatigue damage values of pavement under different loads were calculated as follows in Table 7 .
axle load was 250 kN, the fatigue damage in the water-stabilized macadam appeared. Using Miner linear damage theory D = ∑ , N could be obtained by combining Figure 13 with Equation (10):
The look-up Table 5 gives n, and i indicates different working conditions. The fatigue damage values of pavement under different loads were calculated as follows in Table 7 . With the gradual completion of pavement structure, damage to the subbase decreased rapidly. Therefore, in the design of pavement structure, the damage to the subbase caused by construction loads should be fully considered. The subbase thickness should be properly increased, and the overloaded construction vehicles should be tightly restricted. Vehicle axle load had a significant influence on subbase damage. When the load increased from 160 kN to 190 kN, the damage increased by 10.5%. When the load increased from 190 kN to 220 kN, the damage increased by 66.1%. On the other hand, the ability of subbase to bear loads would be enhanced if the number of base curing days was increased, and the damage under the same axle load would drop dramatically. Therefore, the number of basement maintenance days should be increased. Mi Liyuan [33] studied the impact of construction loads on cement-stabilized macadam bases, but mainly aimed at the fatigue damage of the cement-stabilized macadam under different curing temperatures. This paper analyzed the fatigue damage of cement-stabilized macadam under different working conditions, and is consistent with Mi Liyuan's partial research conclusion. Therefore, the research of this paper has practical significance. Due to the harsh natural environment and tense construction period, the strength and thickness of the basement materials should be increased. During basement maintenance and laying, strictly restricting overloaded vehicles and reducing the period loading vehicles are used will significantly reduce road damage. With the gradual completion of pavement structure, damage to the subbase decreased rapidly. Therefore, in the design of pavement structure, the damage to the subbase caused by construction loads should be fully considered. The subbase thickness should be properly increased, and the overloaded construction vehicles should be tightly restricted. Vehicle axle load had a significant influence on subbase damage. When the load increased from 160 kN to 190 kN, the damage increased by 10.5%. When the load increased from 190 kN to 220 kN, the damage increased by 66.1%. On the other hand, the ability of subbase to bear loads would be enhanced if the number of base curing days was increased, and the damage under the same axle load would drop dramatically. Therefore, the number of basement maintenance days should be increased. Mi Liyuan [33] studied the impact of construction loads on cement-stabilized macadam bases, but mainly aimed at the fatigue damage of the cement-stabilized macadam under different curing temperatures. This paper analyzed the fatigue damage of cement-stabilized macadam under different working conditions, and is consistent with Mi Liyuan's partial research conclusion. Therefore, the research of this paper has practical significance. Due to the harsh natural environment and tense construction period, the strength and thickness of the basement materials should be increased. During basement maintenance and laying, strictly restricting overloaded vehicles and reducing the period loading vehicles are used will significantly reduce road damage.
Conclusions
(1) This paper investigated the effect of compactness, moisture content, and temperature on the strength growth law variability for cement-stabilized macadam bases. Unconfined compressive and indirect tensile strength tests were used to examine the effects of compactness, moisture content, and temperature on compressive strength and the splitting strength of specimens at different curing times. The grey relational degree method was used to analyze the variability of each factor on strength variability, and the degree of influence was compactness > water content > temperature. ( 2) The number of loading vehicles and the number of standard axle loads were calculated during the construction period, which could provide reference for stress analysis of semirigid base courses.
The maximum bottom tensile stress under different loads, moduli, and thickness of base courses were calculated using simulation software. The influence law for tensile stress was given, and the determination standard for thickness and elastic modulus was given. (3) Based on the actual project, the influence of different loads and curing time on the maximum tensile stress at the bottom of the stratum was obtained, and the fatigue prediction equation for cement-stabilized macadam with a 50% guarantee rate was obtained via the bending tensile strength and fatigue tests. (4) The fatigue life of the subbase under different construction conditions was calculated by establishing pavement working condition models for different construction periods. Finally, the accumulated life loss of the pavement under different construction loads was obtained using Miner linear cumulative damage theory.
